Examines the fate of heavy metals in sewage water and the sludge produced. Investigates the level of metals before and after the use of chemical coagulants as well as throughout every process of the plant. Results reveal that the present upgrading of the plant has a remarkable improvement in the performance of the sewage treatment. Concludes that such upgrading of the plant reduces sewage tax because of the improvement in performance. In addition, the hydrolysis of the pre-treated sludge can improve the denitrified process and therefore can save energy, while the application of lime can be a substitution for enlarging the plant itself.
Introduction
Process upgrading and optimization is broadly defined as the procedure that is implemented to secure maximum efficiency. This definition includes criteria such as operating costs, process performance, management of material and labour resources. These criteria are focused on the products generated by the asset in the overall context of environmental regulations.
The present study concerns the Oranienburg sewage water treatment plant which is located in the State of Brandenburg, north of Berlin. This plant, like many other treatment plants in the new German state [1] , was receiving increasing amounts of sewage water over quite a long time period. In order to fulfil the stringent effluent criteria which are now being implemented all over Europe, an integrated nutrient removal process should be added to such plant. It is well known that the introduction of chemicals at the pre-precipitation stage improves and homogenizes the cleaning performance of treatment plants [2, 3] . Typical effluent concentration limits are 1-2 g/m 3 phosphorus and 5-10 g/m 3 nitrogen as NH 4 + and 10-18 g/m 3 as the sum of NH 4 + -N, NO 2 -and NO 3 -N. Chemical-biological wastewater treatment for nitrogen and phosphorus removal are well known for improving and homogenizing the plant treatment performance with low investment costs [3, 4] .
The objective of the present project is the technical construction of a mechanicalbiological sewage treatment plant with presently insufficient treatment performance by installation of a pH-controlled quicklime dosing device. The purpose of lime addition (and/or metallic salts) at pre-precipitation stage, is to change the sewage composition as well as the unsteady influx of sewage [5] .
The pH-value is controlled at about 9.0-9.2. On the other hand, it is well known that lime and ferric chloride at such pH-value are capable of precipitating the heavy metals [6, 7] . In spite of the fact that metals in the sewage water are varied from very low to low levels, precipitation of such metals would certainly increase their concentration in the sludge. Therefore, the level of metals in the sludge in this case, depends mainly on many different variables including: the initial metal concentration in the sewage water, the doses of chemical coagulants, the pH and the dry sludge weight [6] [7] [8] [9] .
The aim of the present study is to investigate the fate of heavy metals in the Oranienburg sewage water plant before and after the use of chemical coagulants. Fate of metals in the precipitates and the produced sludge are also investigated. The level of metals in the sewage water as well as the sludge throughout every process of the plant (i.e. screening, grit chamber, primary sedimentation, sludge hydrolysis, aeration for nitrification, and secondary sedimentation) is also studied. In addition, a semi-technical scale for the anaerobic reactor of sludge is carried out in the plant. The purpose of this reactor is to produce a source of carbon to be available for the denitrification process (i.e. to improve the C/N ratio which is too low at present). This anaerobic digestion is carried out at an acidified pH-value around 6.0 -6.5. Such decreases in pH would certainly increase the solubilities of certain metals in the sewage water [6, 7, 10] . Therefore, the fate of heavy metals in the sludge before and after the anaerobic digestion is also an objective of the present study.
The arising questions are: What is the fate of heavy metals in the sludge before and after the anaerobic process? What is the level of these metals in the final wastewater effluent and the sludge? Can such produced sludge be used for agriculture purposes?
Materials and methods
The diagram of the sewage water treatment plant at Oranienburg is shown in Figure 1 .
The 
Figure 1
Sewage water treatment plant with quick-lime addition device at Oranienburg Weekly samples of the wastewater and/or sludge were collected for a period of 12 successive weeks. The wastewater samples were freshly filtered through Whatman No. 4 equivalent filter paper, acidified to below pH 2.0 using analytical reagent (AR) of nitric acid. The sludge samples were oven dried at 105°C for 24 hours. A known weight of each sludge sample was acid digested using AR nitric acid followed by AR hydrogen peroxide, according to US Environmental Protection Agency [11] . Metal concentrations in these wastewater and sludge samples were determined using Varian atomic absorption spectrometer, model SpectrAA-400 equipped with GA 1-96 graphite tube atomizer, attached by IBM personal computer AT (programmed for Varian-SpectrAA-300/400). The studied metals are Cr, Ni, Cd, Pb, Cu and Zn.
Each result of each sample is the average of ten sequential readings. As an instrument and procedure: blank of double distilled water that digested using the procedure previously described was employed. The all-over results presented here are the average of all the studied samples.
Results and discussion
The level of heavy metals in the raw wastewater of the sewage before treatment and after grit-chamber (chemical addition), primary sedimentation, aeration as nitrification and finally after the secondary sedimentation successively are shown in Table I Furthermore, the primary and secondary sedimentation were also slightly effective in metals elimination. The percentages of metals elimination in the wastewater via these successive treatment processes using chemical coagulants are presented in Figure  2 . Such decrease in the level of metals is attributed mainly to the increase of pH-value to 9.0-9.2 which induces the decrease of metals solubility [6, 7, 10, 12] . As the pH increase, the co-precipitation of metal hydroxide increases [6] , but certain amphoteric metals will re-dissolve at higher pH-values [6, 7] . The previous study on the same plant proved that lime precipitation at pH between 9.0-9.2 has also improved the pre-treatment performance by @20 per cent compared to the zero-phase (Table II) [5] .
Further study was carried out on the level of metals in the sewage sludge via the same successive treatment processes using lime and/or FeCl 3 (Table III) . The given results show that the chemical coagulant increased the level of metals in the sludge as a result of the co-precipitation effect, i.e. converting the soluble forms of metal to the insoluble form in the sludge. Again the use of the combined coagulant increased the co-precipitation rate. However, the use of lime was more effective 
Figure 3
The percentage of metals elimination in the permeated sludge via different treatment processes in correlation to the levels of metals in the raw sewage sludge than FeCl 3 . The percentage of metals elimination in the sludge in correlation to the original concentration in the raw wastewater is illustrated in Figure 3 . The primary and secondary sedimentation tanks with the three hours' retention time showed high efficiency in trapping the precipitated metals. The level of metals in the primary sludge were far below the German permissible level (Table  IV) [13] . In addition, the former studies showed that the characteristics of this sludge were significantly improved by the addition of lime. During the lime phase the solids content increased from between 1 and 3 per cent to between 3 and 8 per cent as shown in Figure 4 , i.e. increasing the sludge weight while the sludge volume remains the same [5] . The loss at VSS decreases from @ 75 per cent to @ 50 per cent. Reasonable portions of the liquid sludge obtained from both primary and secondary sedimentation tanks were subjected to acidification and hydrolysis using a semi-technical scale anaerobic reactor (Figure 1 ). This biological hydrolysis and acidification take place at pH-values between 6.0-6.5 with a retention time of one to two days. The level of metals in the sludge before and after the anaerobic hydrolysis is presented in Table V . The level of metals in the final effluent of the anaerobic reactor is slightly higher than that of the influent to the reactor. Such slight increase of metals referred mainly to the decrease of pH from 9.0-9.2 to the slight acidic value of 6.0-6.5 which induce the partial dessolution of certain metals into the system [6, 7, 12] . The level of metals in the final hydrolized sludge was still below the permissible level (Table  IV) [13] . Correlation between the level of metals in the hydrolyzed sludge effluent of the anaerobic reactor and the level of metals in each of the sludge influent to the anaerobic reactor is represented in Figure 5 . The produced volatile organic acids (C2-C6) formed during this process were examined previously [5] , and it was proved that they can be used as a source of carbon for the denitrification [14] [15] [16] . Figure 6 presents the correlation between the level of metals in the final wastewater of the upgraded plant and the level of metals in the final wastewater of the anaerobic reactor.
The present study was expanded to include the level of metals in treated sludge, namely two septic tanks and four (drying beds) sludge polders (Table VI) . This table includes also the sludge characteristics, namely the percentage of the dry residue and percentage of volatile organic matter. The results obtained show that the level of metals in the two septic tanks is higher than that of the primary sludge before treatment. Further increase in the level of metals was exhibited in the sludge polders (drying beds). Correlation between the level of metals in the final sludge polder and the German guide line [13] show that the level of Ni (average 317 mg/kg dry weight) is higher than the permissible level (Table IV) . Correlation between the level of metals in the wastewater of the upgraded process and the wastewater of the anaerobic reactor is given in Figure 6 .
The overall results of the present study revealed that the upgrading of the sewage treatment plant by the application of lime in the pre-precipitation stages has a remarkable improvement in performance of sewage treatments. Such improvement was expressed not only in decreasing the level of metals in the wastewater (Tables I and II) , but also in the stabilization of the cleaning performance of the overloaded plant [5] . The decrease of metals concentration in the wastewater was due to the increase of pH-values as a result of lime addition. As the pH-increase, the formation of metal hydroxide increases [6, 7, 12] . This relationship is expressed by the following stability product equation:
The solubility product constants for a number of metals are well documented and already published [13] . However, because of precipitation ageing, incomplete solid separation or the co-precipitation and adsorption effects in wastewater solubility products provide only a general guide to residual metal concentration to be expected in practice [10] . The level of metals in the pre-treatment sludge is far below the German restriction limits [13] . It has been reported that this pretreatment sludge is improved considerably in terms of thickening and draining qualities [5] . Despite the increase in the solid content, only slight increase in the sludge volume was reported [5] .
The hydrolysis and acidification of the primary sludge exhibited considerable increase in the level of metals due to the decrease of pH-value from 9.0-9.2 to 6.0-6.5. However, the volatile organic acids (C2-C6) formed during the process can be used as a source of carbon for the denitrification [14] [15] [16] .
The level of Ni in the treated sludge of the drying bed reached 317mg/kg. This high level of Ni is due to the discharge of certain industrial wastewater to the sewer system.
Treatment of this industrial wastewater should be carried out before discharging to the sewer system. According to the German regulation Ni should not exceed 200mg/kg as dry weight. Therefore, such sludge cannot be used as a manure in agriculture [17] . On the other hand, such upgrading of the sewage plant improved the performance of treatment and this reduces sewage tax. Meanwhile, the hydrolysis of the pre-treatment sludge can improve the performance of the denitrification process and therefore it can save energy. Furthermore, the lime application for the upgrading of the sewage plant can be a substitution for enlarging the plant itself.
It is worth noticing here that the level of Zn in the drying bed sludges ranges from 2,175 to 2,985 with the average of 2,451mg/kg dry weight (Table VI) . The guideline [5] is 2,500mg/kg.
The present guideline limits for the level of metal in sludge is sufficient for the environmental protection. The setting of limits at levels lower than necessary can be counterproductive and lead to illegal discontinuous discharges and lack of co-operation between the enforcement body and the firms. This can lead to excessive costs in control and more frequent failure to meet the required standard. 
